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BISMUTH IRON OXIDE POWDER,
MANUFACTURING METHOD FOR THE
BISMUTH IRON OXIDE POWDER,
DIELECTRIC CERAMICS, PIEZOELECTRIC
ELEMENT, LIQUID DISCHARGE HEAD, AND
ULTRASONIC MOTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Japanese Patent
Application No. 2010-058372, filed Mar. 15, 2010, and Japa-
nese Patent Application No. 2011-050307, filed Mar. 8, 2011,
which are hereby incorporated by reference herein in their
entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a bismuth iron oxide pow-
der and a manufacturing method for the bismuth iron oxide
powder. In particular, the present invention relates to a nan-
ograin bismuth iron oxide powder to be raw material of a
dielectric ceramics and a manufacturing method for the nan-
ograin bismuth iron oxide powder. The present invention also
relates to a dielectric ceramics, and more particularly, to a
dielectric ceramics containing BiFeO; as a main component.
The present invention also relates to a piezoelectric element
using the dielectric ceramics, and a liquid discharge head and
an ultrasonic motor which use the piezoelectric element.

2. Description of the Related Art

In the conventional electric and electronic industries,
ceramics materials containing lead are widely used. A typical
material thereof is Pb(Zr, Ti)O; (hereinafter, referred to as
“PZT”), or lead-containing relaxor materials such as Pb(Mg,
Nb)O,. Each of them has a perovskite-type crystal structure,
and lead (Pb) occupies the A-site of the crystal. The PZT
ceramics has high piezoelectric performance, and hence the
PZT ceramics is used as a piezoelectric element of an actuator
or the like. In addition, a ceramics of the lead-containing
relaxor material has a high dielectric constant and can be
combined with a ferroelectric material such as PbTiO, so asto
obtain good temperature characteristics, therefore, the ceram-
ics is used for an element such as a stack ceramics capacitor.
The piezoelectric element and the capacitor use the dielectric
ceramics, particularly the ferroelectric ceramics as a main
component of the element, and the piezoelectric element and
the capacitor are both classified to a dielectric element.

In this way, a ceramics containing lead can provide a high
performance dielectric element. However, there is concern
about bad influence to environment when the ceramics is
produced and when it is scrapped. Therefore, it is requested to
provide a dielectric ceramics having high performance with-
out lead.

As a candidate of dielectric ceramics materials that do not
contain lead, a material having a perovskite-type crystal
structure whose the A-site is occupied by bismuth (Bi) is
noted. The lead element has an outermost electron structure
of 6s26p>, which becomes +2 valent if the A-site of the per-
ovskite structure is occupied. Therefore, two of outermost
electrons exist as a lone pair in lead ion at the A-site. The
bismuth element has an outermost electron structure of
6s26p>, which becomes +3 valent if the A-site of the perovs-
kite structure is occupied. Therefore, two of outermost elec-
trons exist as a lone pair in bismuth ion of at A-site. In this
way, the electron structure of the bismuth ion in the bismuth
perovskite is similar to that of the lead ion in the lead perovs-
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kite, and hence similar characteristics can be expected. In
particular, BiFeO, and a solid solution and a compound using
the same are considered to be a promising candidate for
lead-free dielectric ceramics materials.

For instance, Japanese Patent Application Laid-Open No.
2007-287739 discloses Bi,_,[.a FeO; as a piezoelectric mate-
rial containing BiFeO; as a main component. However, it is
generally known that BiFeO; and the material containing
BiFeO; as a main component have a large value of current
(leakage current) when a voltage is applied, and hence
BiFeO, and the material containing BiFeO; as a main com-
ponent are not suitable as a dielectric material.

As one of methods of reducing a leakage current value of
BiFeO,, Japanese Patent Application Laid-Open No. 2007-
221066 discloses a method of substituting a part of Fe in a
BiFeO; film with manganese (Mn). Thus, a reduction of the
leakage current value of the BiFeO; film can be realized.
However, there is no description about a reduction of the
leakage current in a bulk BiFeO; ceramics by adding Mn, and
the effect in the bulk ceramics is not disclosed.

SUMMARY OF THE INVENTION

The present invention has been made to cope with such a
problem, and an object thereofis to provide a lead-free dielec-
tric ceramics having a low leakage current value, a bismuth
iron oxide powder as a raw material thereof, and a manufac-
turing method for the bismuth iron oxide powder. Another
object of the present invention is to provide a piezoelectric
element, a liquid discharge head, and an ultrasonic motor
which use the dielectric ceramics.

A bismuth iron oxide powder of the present invention
which is a raw material of a dielectric ceramics that solves the
above-mentioned problems includes at least: (A) grains com-
posed of bismuth, iron, and oxygen including a bismuth iron
oxide having a perovskite-type crystal structure; (B) grains
composed of bismuth, iron, and oxygen including a bismuth
iron oxide having a crystal structure classified to a space
group Pbam; and (C) grains composed of bismuth and oxygen
including a bismuth oxide or composed of bismuth, iron, and
oxygen including a bismuth iron oxide having a crystal struc-
ture that is classified to a space group 123.

A manufacturing method for a bismuth iron oxide powder
which is a raw material of a dielectric ceramics that solves the
above-mentioned problems includes: adding ammonium
hydrogen carbonate and ammonia water to a solution in
which iron nitrate and bismuth nitrate are dissolved in a nitric
acid solution, so as to obtain a bismuth iron composite oxide;
agglomerating the bismuth iron composite oxide using a non-
ionic polymer flocculant so as to obtain an aggregate; and
calcining the aggregate at a temperature of 400 degrees cen-
tigrade or higher and 650 degrees centigrade or lower.

A dielectric ceramics that solves the above-mentioned
problems includes bismuth iron oxide crystals having a crys-
tal structure classified to a space group Pbam and bismuth
iron oxide crystals having a perovskite-type crystal structure,
which are made of bismuth iron oxide, in which the bismuth
iron oxide crystals having the crystal structure classified to
the space group Pbam are distributed at a grain boundary of
crystal grains of the bismuth iron oxide crystals having the
perovskite-type crystal structure.

A piezoelectric element that solves the above-mentioned
problems includes at least a pair of electrodes and the above-
mentioned dielectric ceramics. A liquid discharge head that
solves the above-mentioned problems includes the above-
mentioned piezoelectric element.
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Anultrasonic motor that solves the above-mentioned prob-
lems includes the above-mentioned piezoelectric element.

According to the present invention, the lead-free dielectric
ceramics having a low leakage current value, and the bismuth
iron oxide powder as a raw material thereof can be provided.
Further, the piezoelectric element, the liquid discharge head,
and the ultrasonic motor which use the dielectric ceramics
can also be provided.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating an embodiment
of'a piezoelectric element according to the present invention.

FIG. 2A is a schematic diagram illustrating an embodiment
of a structure of a liquid discharge head according to the
present invention.

FIG. 2B is a cross sectional view of a piezoelectric element
of the liquid discharge head of FIG. 2A in a width direction.

FIG. 3A is a schematic diagram illustrating an embodiment
of a structure of an ultrasonic motor having the piezoelectric
element of the present invention that is formed of a single
plate.

FIG. 3B is a schematic diagram illustrating an embodiment
ofa structure of the ultrasonic motor having the piezoelectric
element of the present invention that has a laminate structure.

FIG. 4 is a graph illustrating an x-ray diffraction pattern of
a bismuth iron oxide powder according to Example 1 of the
present invention.

FIG. 5 is a transmission electron microscope photograph of
the bismuth iron oxide powder according to Example 1 of the
present invention.

FIG. 6 is a transmission electron microscope photograph of
a cross section of a dielectric ceramics according to Example
2 of the present invention.

FIG. 7 is a transmission electron microscope photograph of
across section ofa dielectric ceramics according to Compara-
tive Example 2 of the present invention.

FIG. 8 is a graph illustrating optical properties of the bis-
muth iron oxide powders according to Example 1 and Com-
parative Example 3 of the present invention.

DESCRIPTION OF THE EMBODIMENTS

Hereinafter, an embodiment of the present invention is
described.

First, a bismuth iron oxide powder of the present invention
is described. The bismuth iron oxide powder according to the
present invention contains at least (A) grains including a
bismuth iron oxide having a perovskite-type crystal structure,
(B) grains including a bismuth iron oxide having a crystal
structure that is classified to a space group Pbam, and (C)
grains including a bismuth iron oxide or a bismuth oxide
having a crystal structure that is classified to a space group
123, which are made of bismuth iron oxide.

The bismuth iron oxide powder of the present invention
(hereinafter may be abbreviated to “powder of the present
invention”) can be used as a raw material of a dielectric
ceramics. The powder of the present invention contains at
least bismuth, iron, and oxygen as constituent elements.
Other element may be contained as the constituent element in
the same or less amount than bismuth, iron, or oxygen. It is
desired that the amount of the element other than bismuth,
iron, and oxygen be as little as impurities, which is approxi-
mately 5% or smaller in terms of atomic ratio to bismuth, and
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is approximately 5% or smaller in terms of atomic ratio to
iron. In the powder of the present invention, at least (A) grains
having a perovskite-type crystal structure (grains (A)), (B)
grains having a crystal structure that is classified to a space
group Pbam (grains (B)), (C) grains having a crystal structure
that is classified to a space group 123 (grains (C)) are con-
tained, and the grains (A) are the main component.

The “ceramics” in the present invention means an aggre-
gate (referred to also as a bulk) of crystal grains that contain
metal oxide as basic ingredient and are sintered by thermal
treatment, namely a so-called polycrystalline substance. The
same is true for a ceramics that is processed after sintering.
However, powder and slurry in which powder is dispersed are
not included in the ceramics.

The “grains” in the present invention are so-called “nan-
ograins”, and mean grains having an average grain diameter
of a nanometer to submicron size. Specifically, the average
grain diameter is within the range of 1 nanometer (nm) or
larger and 999 nm or smaller, or an average grain volume is
within the range of 1 cubic nanometer (nm>) or larger and
1x10° nm?> or smaller. In particular, grains having an average
grain diameter of 10 nm or larger and 500 nm or smaller, or an
average grain volume of 1x10° nm?® or larger and 1.25x10°
nm? or smaller are suitable for embodying the present inven-
tion.

The bismuth iron oxide powder of the present invention
contains the grains (A), the grains (B), and the grains (C). Itis
desired that the content of the grains (A) having a perovskite-
type crystal structure be 51% or larger and 99.9% or smaller,
more preferably 75% or larger and 95% or smaller of the total
powder, in terms of quantitative ratio determined by x-ray
diffraction. The reason is as follows. The dielectric perfor-
mance or piezoelectric performance of the dielectric ceramics
produced using the powder of the present invention is due to
the grains (A). If other components are contained more, the
density of the grains (A) is diluted so that sufficient perfor-
mance cannot be obtained.

Note that, the “quantitative ratio” and the content ratio of
grains in the present invention are expressed as a volume
ratio. In an oxide in which all or some of the constituent
elements are the same atomic number or similar atomic num-
bers, the volume ratio has substantially the same value as the
atomic ratio. Therefore, the effect of the present invention can
be obtained by using the same value as the atomic ratio
instead of the volume ratio.

On the other hand, the grains (B) and the grains (C) are
necessary for obtaining good insulation characteristics in the
dielectric ceramics after sintering. The content of grains (B) is
preferably 0.1% or larger and 49% or smaller, more prefer-
ably 1% or larger and 15% or smaller of the total powder in
terms of quantitative ratio determined by the x-ray diffrac-
tion. The content of grains (C) is preferably 0.1% or larger and
49% or smaller, more preferably 1% or larger and 15% or
smaller of the total powder in terms of quantitative ratio
determined by the x-ray diffraction. Further, the sum of con-
tent ratios of the grains (B) and the grains (C) is preferably
0.1% or larger and 49% or smaller, more preferably 1% or
larger and 25% or smaller of the total powder in terms of
quantitative ratio determined by the x-ray diffraction.

The perovskite-type crystal structure of the present inven-
tion means one of the perovskite-type structures of the cubic
structure, the tetragonal structure, the orthorhombic struc-
ture, and the rhombohedral structure, and is preferably the
rhombohedral structure. It is desired that, as to the composi-
tion ratio of the bismuth iron oxide, bismuth, iron, and oxygen
be contained at the atomic ratio of 1:1:3. The composition
may be a composition in which a part of bismuth or iron is
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substituted by other element, or may be a composition in
which a part of bismuth, iron, or oxygen is lacking, or is
contained excessively.

The composition ratio described here does not include
hydrogen, carbon, and nitrogen. The reason is as follows.
Those elements are contained in moisture, carbon dioxide,
and nitrogen in the air, or in organic gas or liquid to be
contacted in the manufacturing process, and hence may be
adsorbed on the grains. The same is true for the composition
ratio described below.

Other ingredients contain at least two types of grains
including the grains (B) having the crystal structure classified
to the space group Pbam and the grains (C) having the crystal
structure that is classified to the space group 123. Other grains
than the two types of grains may exist, but it is desired that the
other grains do not exist.

The space groups are groups in which three dimensional
crystals are classified from a viewpoint of symmetry by the
group theory. Each of the three dimensional crystals belongs
to one of 230 space groups. As to expression of the space
group used for description of the present invention, Short
Hermann-Mauguin symbol described in INTERNATIONAL
TABLES FOR CRYSTALLOGRAPHY by THE INTERNA-
TIONAL UNION OF CRYSTALLOGRAPHY is adopted.
Note that, the number of space group and the expression by
the Schoenflies symbol are No. 55 and D?,,, respectively for
the space group Pbam, and are No. 197 and T° respectively for
the space group 123.

The grains (B) have a composition similar to Bi,Fe,O,, but
may have a composition in which a part of bismuth, iron, or
oxygen is substituted by other element, or a composition in
which a part of bismuth, iron, or oxygen is lacking, or is
contained excessively.

The grains (C) have a composition similar to Bi,sFeO;, or
Bi,0,, but may have a composition in which a part of bis-
muth, iron, or oxygen is substituted by other element, or a
composition in which a part of bismuth, iron, or oxygen is
lacking, or is contained excessively. In addition, the grains
(C) have a tendency of being needle-like grains. In this case,
an example of the size of the grain (C) is a few ten to a few
hundred nanometers in width, that is, diameter of the needle-
like grain, and a few hundred nanometers to a few microns in
length of the needle-like grain.

One of causes of the leakage current in ceramics containing
BiFeO, as the main component is considered to be current
that flows along the crystal grain boundary as the conduction
path. When the powder of the present invention is sintered, the
grains (A) as the main component lead to crystal growth so
that BiFeO, crystal grains are generated. In this case, the
grains (B) are pushed out to the grain boundary of the BiFeO,
crystal grains so that Bi,Fe,O, crystals are generated at the
grain boundary. It is known that Bi,Fe,O, has a lower crystal
growth speed than BiFeO; in the temperature range of 500
degrees centigrade or higher and 900 degrees centigrade or
lower. The crystals having lower crystal growth speed than
BiFeO, grow slowly on the uppermost surface of the BiFeO,
crystal grains in the growth process, and hence have a struc-
ture in the end in which the slowly growing crystal grains are
deposited at the BiFeO; crystal grain boundary. In this case,
because the grains (A) and the grains (B) are nanograins, the
Bi,Fe, O, crystals are generated uniformly at the BiFeO,
grain boundary. The Bi,Fe,O, crystal is a good insulator, and
the Bi,Fe,O, crystals disposed uniformly along the grain
boundary can suppress the leakage current along the BiFeO,
crystal grain boundary as the conduction path. With this
mechanism, it is considered that the insulation characteristics
can be improved in the ceramics obtained by sintering the
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powder of the present invention. If one or both of the grains
(A) and the grains (B) have a grain diameter of 1 micron or
larger, Bi,Fe,O, crystals obtained by the sintering will be
unevenly distributed, with the result that sufficient effect of
suppressing the leakage current cannot be obtained.

In addition, one of other causes of the leakage current in the
ceramics containing BiFeO, as the main component is con-
sidered as follows. When the composition of the BiFeO,
crystal grains becomes a bismuth deficient composition,
excessive oxygen generated by bismuth defect or bismuth
deficiency in the BiFeOj; crystal becomes a dopant so that
holes are generated in the valence band (or electrons are
generated in the conduction band), resulting in the current
flowing in the crystal grains. When the powder of the present
invention is sintered, the grains (A) as the main component
lead to crystal growth so that the BiFeOj, crystal grains are
generated. In this case, bismuth in the BiFeO; crystal which is
evaporated and becomes deficient by heat is compensated by
bismuth existing a lot in the grains (C). Thus, the bismuth
deficiency in the BiFeOj; crystal can be prevented so that the
current flowing in the BiFeO, crystal can be suppressed. In
this case, because the grains (A) and the grains (C) are mixed
homogeneously as nanograins, bismuth can be compensated
uniformly so that occurrence of a local bismuth deficiency in
the BiFeO; crystal can be prevented. If one or both of the
grains (A) and the grains (C) have a grain diameter of micron
or larger, BiFeO; crystals obtained by the sintering have a
partial bismuth deficiency, with the result that sufficient effect
of suppressing the leakage current cannot be obtained.

Next, a manufacturing method for the powder of the
present invention is described. A manufacturing method for
the bismuth iron oxide powder of the present invention
includes the steps of adding ammonium hydrogen carbonate
and ammonia water to a solution in which iron nitrate and
bismuth nitrate are dissolved in a nitric acid solution, so as to
obtain a bismuth iron composite oxide, agglomerating the
bismuth iron composite oxide using a nonionic polymer floc-
culant so as to obtain an aggregate, and calcining the aggre-
gate at a temperature of 400 degrees centigrade or higher and
650 degrees centigrade or lower.

The manufacturing method for the bismuth iron oxide
powder according to the present invention is performed by a
coprecipitation method. The “coprecipitation method” is a
method of precipitating multiple types of refractory salts
simultaneously in a solution containing two or more types of
metallic ions so as to obtain a highly homogeneous powder.

The iron nitrate and the bismuth nitrate in the present
invention are nitrates of trivalent iron and bismuth, respec-
tively, which are expressed by formulas Fe(NO,), and
Bi(NO;);, respectively. The iron nitrate and the bismuth
nitrate of amounts corresponding to the composition of the
target bismuth iron oxide powder are dissolved in nitric acid,
which is then mixed into a mixed solution of sodium hydro-
gen carbonate (NaHCO;) and ammonia (NH,). By stirring
the solution, the bismuth iron composite oxide can be
obtained. As to the iron nitrate and the bismuth nitrate, it is
possible to use hydrates thereof. The sodium hydrogen car-
bonate (NaHCO;) and the ammonia (NH;) act as precipitant.

In this case, other compound, for example, a chloride, a
sulfate, and an acetate cannot be used as the raw materials of
the iron and bismuth. The reason is that if such raw materials
are used, grains (grains (A)) having the perovskite-type crys-
tal structure as the main component cannot be obtained.

The obtained bismuth iron composite oxide has a grain
diameter of a nanometer size and is hardly collected from the
solution by filtering. Therefore, a flocculant is added to the
solution for agglomerating the obtained bismuth iron com-
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posite oxide so as to obtain the aggregate. As the flocculant, a
nonionic polymer flocculant is used, which has its effect even
in an alkaline solution. An example of the nonionic polymer
flocculant includes SANFLOC N-520P (manufactured by
Sanyo Chemical Industries, [td.).

The aggregate obtained in this way is an amorphous of
bismuth iron composite oxide. By calcining this, the bismuth
iron composite oxide is crystallized, and simultaneously the
component of the nonionic polymer flocculant is eliminated
so that the target bismuth iron oxide powder can be obtained.

The calcining temperature is preferably 400 degrees cen-
tigrade or higher and 650 degrees centigrade or lower. If the
calcining temperature is lower than 400 degrees centigrade,
the crystallization of bismuth iron oxide is not sufficient so
that the grains (A), (B), and (C) are not generated. In addition,
the elimination of polymer flocculant may be insufficient. On
the contrary, if the calcination is performed at a temperature
higher than 650 degrees centigrade, the crystallization pro-
ceeds excessively so that the grain diameters of the grains (A),
(B), and (C) become too large. As a result, the insulating
effect of the ceramics becomes insufficient.

The inventors of the present invention revealed from the
experiment that the change in physical property of the bis-
muth iron composite oxide powder due to a different calci-
nation temperature appeared in the optical property of the
power as well as in the insulating property after the manufac-
ture of a ceramics. A bismuth iron composite oxide powder
that can produce a ceramics having a good insulating property
has an optical band-gap energy higher by 0.1 to 0.4 electron
volts (eV) than a conventional bismuth iron composite oxide
powder and a bismuth iron composite oxide powder which is
obtained at a high calcination temperature and has a large
grain diameter. The increase in optical band-gap energy is
probably considered to be related to the fact that the respec-
tive grains, in particular the grain (A), were generated as
nanograins. Note that, it was impossible to obtain a bismuth
iron composite oxide powder having a larger optical band-
gap energy than the above, and hence the correlation between
a bismuth iron composite oxide powder having a larger opti-
cal band-gap energy and its insulating property is unknown.

The bismuth iron composite oxide powder according to the
present invention is fine as described above. Therefore, the
powder can be calcined to obtain a dielectric ceramics in
which leakage current is effectively suppressed. On the other
hand, if a coarse powder having an average grain diameter of
exceeding 1 micrometer is used to obtain a ceramics contain-
ing a bismuth iron composite oxide by calcination, impurities
are likely to be retained at a grain boundary between crystal
grains that form the ceramics because the powder is coarse,
thereby forming a leakage path. Therefore, in both the cases
of a bismuth iron composite oxide powder having a low
insulating property and a bismuth iron composite oxide pow-
der having a relatively high insulating property, an insulating
property of a ceramics to be obtained by calcining the powder
is limited to some extent. Therefore, in the bismuth iron
composite oxide powder according to the present invention, it
is desired that an average diameter of grains having the per-
ovskite-type crystal structure be 10 nanometers or larger and
500 nanometers or smaller, and that the powder have an
optical band-gap energy of 1.7 electron volts or higher and
lower than 2.0 electron volts.

Next, the dielectric ceramics of the present invention is
described. The dielectric ceramics of the present invention is
a dielectric ceramics containing bismuth iron oxide crystals
having a crystal structure classified to the space group Pbam
and bismuth iron oxide crystals having the perovskite-type
crystal structure, which are made of bismuth iron oxide, and
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8

the bismuth iron oxide crystals having the crystal structure
classified to the space group Pbam are distributed at the grain
boundary of crystal grains of the bismuth iron oxide crystals
having the perovskite-type crystal structure.

The perovskite-type crystal structure means one of the
perovskite-type structures of the cubic structure, the tetrago-
nal structure, the orthorhombic structure, and the rhombohe-
dral structure, and is preferably the thombohedral structure.
The crystal having the perovskite-type crystal structure is
preferably BiFeO,. The composition ratio of Bi:Fe:O in
BiFeO; is preferably 1:1:3 in terms of atomic ratio, but some
deficiency or excess is permitted. The deficiency or excess is
preferably 1% or smaller in terms of atomic ratio. Otherwise,
a part of Bi in BiFeO, may be substituted by other element,
for example, a rare-earth element and barium (Ba), or a part of
Fe may be substituted by other element, for example, a tran-
sition metallic element, a rare-earth element, indium (In),
gallium (Ga), and aluminum (Al).

The crystal classified to the space group Pbam is preferably
Bi,Fe,O,. The composition ratio of Bi:Fe:O in Bi,Fe, O, is
preferably 2:4:9, but some deficiency or excess is permitted.
The deficiency or excess is preferably 1% or smaller in terms
of atomic ratio. Otherwise, a part of Bi in Bi,Fe,O, may be
substituted by other element, or a part of Fe may be substi-
tuted by other element.

The crystal having a crystal structure classified to the space
group Pbam is a good insulator, and can cut off the leakage
current along the grain boundary as the conduction path when
being distributed along the grain boundary of crystal grains
constituted of the crystals having the perovskite-type crystal
structure. As a result, the leakage current in the dielectric
ceramics can be suppressed.

The dielectric ceramics of the present invention can be
obtained by calcining the powder of the present invention, or
a mixture of the powder of the present invention and powder
of other ingredients. The powder of other ingredients is, for
example, BaTiO;, (Ba, Na)TiO;, (Ba, K)TiO;, and (K,
Na)NbO,.

The calcining temperature is 500 degrees centigrade or
higher and 900 degrees centigrade or lower, preferably 600
degrees centigrade or higher and 800 degrees centigrade or
lower. If the calcining temperature is lower than 500 degrees
centigrade, the crystallization of the crystals having the per-
ovskite-type crystal structure of the main component
becomes insufficient. If the calcining temperature is higher
than 900 degrees centigrade, the crystals having the perovs-
kite-type crystal structure of the main component are decom-
posed, and the content of the main component is decreased,
with the result that the target performance cannot be obtained.

The dielectric ceramics of the present invention may be
manufactured using a manufacturing method other than the
method involving calcining the powder of the present inven-
tion. As the manufacturing method other than the method
involving calcining the powder of the present invention, for
example, there is a method involving calcining a bismuth iron
oxide powder obtained by a sol-gel method using an organic
bismuth compound and an organic iron compound.

Next, the piezoelectric element of the present invention is
described. The piezoelectric element of the present invention
is a piezoelectric element including at least a pair of elec-
trodes, and the dielectric ceramics described above. The
dielectric ceramics is piezoelectric ceramics.

FIG. 1is a schematic diagram illustrating an example of the
piezoelectric element using the dielectric ceramics of the
present invention. The piezoelectric element of the present
invention has a structure in which a dielectric ceramics 3 is
sandwiched between a first electrode 1 and a second electrode
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2. The first electrode and the second electrode are each
formed of a conductive layer having a thickness of about 5nm
to 2,000 nm. The material for the conductive layer is not
particularly limited, and may be a material which is typically
used in a piezoelectric element. Examples of such material
include metals such as Ti, Pt, Ta, Ir, Sr, In, Sn, Au, Al, Fe, Cr,
Ni, Pd, and Ag and oxides of these metals. Each of the first
electrode and the second electrode may be formed of one kind
of those materials, or may be obtained by laminating two or
more kinds thereof. The first electrode and the second elec-
trode may be formed of different materials.

The method of forming the first electrode and the second
electrode is not limited. The first electrode and the second
electrode may be formed by baking metal paste, by sputter-
ing, and by vapor deposition. In addition, both the first elec-
trode and the second electrode may be patterned in desired
shapes for use.

FIGS. 2A and 2B are each a schematic view illustrating an
embodiment of a structure of a liquid discharge head of the
present invention. As illustrated in FIG. 2B, the piezoelectric
element of the present invention is a piezoelectric element
including at least a first electrode 6, a piezoelectric ceramics
7, and a second electrode 8.

The liquid discharge head of the present invention is a
liquid discharge head including the piezoelectric element.
FIG. 2A is a schematic diagram of the liquid discharge head.
The liquid discharge head includes a discharge port 11, a
communicating hole 12 for connecting an individual liquid
chamber 13 and the discharge port 11, a common liquid
chamber 14, a diaphragm 15, and a piezoelectric element 10.
The piezoelectric elements 10 has a rectangular shape as
illustrated in FIG. 2A, but the shape may be other than the
rectangular shape, namely an elliptical shape, a circular
shape, a parallelogram shape, or the like. In that case, the
piezoelectric ceramics 7 also has a shape corresponding to the
individual liquid chamber in general.

The piezoelectric element 10 constituting the liquid dis-
charge head of the present invention and its vicinity are
described in more detail with reference to FIG. 2B.FIG.2Bis
a cross sectional view of the piezoelectric element of the
liquid discharge head illustrated in FIG. 2A in the width
direction. The cross sectional shape of the piezoelectric ele-
ment 10 is a rectangular in the diagram, but it may be a
trapezoid or an inverse trapezoid. In addition, the first elec-
trode 6 corresponds to a lower electrode 16 while the second
electrode 8 corresponds to an upper electrode 18 in the dia-
gram, but any one of the first electrode 6 and the second
electrode 8 constituting the piezoelectric element 10 of the
present invention may be the lower electrode 16 or the upper
electrode 18. In addition, there may be a buffer layer 19
between the diaphragm 15 and the lower electrode 16.

In the liquid discharge head, the diaphragm moves up and
down when the piezoelectric thin film is expanded and con-
tracted, to thereby apply a pressure to liquid in the individual
liquid chamber. Thus, the liquid is discharged from the dis-
charge ports. The head of the present invention can be used in
a printer application and manufacturing of an electronic
device.

The diaphragm has a thickness of 1.0 pm or more and 15
um or less, and preferably 1.5 pm or more and 8 um or less. A
material for the diaphragm, which is not limited, is preferably
Si. In addition, the buffer layer and the electrode layer on Si
may also serve as part of the diaphragm. Si for the diaphragm
may be doped with B and P.

The buffer layer has a thickness of 300 nm or less, and
preferably 200 nm or less. The size of the discharge port is 5
um or more and 40 um or less in diameter. The shape of the
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discharge port is a circular shape, but may be a star shape, a
square shape, or a triangular shape.

Next, an ultrasonic motor using the piezoelectric element
according to the present invention is described. FIGS. 3A and
3B are schematic views illustrating an embodiment of a struc-
ture of the ultrasonic motor according to the present inven-
tion. FIG. 3A illustrates the ultrasonic motor formed of the
single piezoelectric element of the present invention. The
ultrasonic motor includes a vibrator 24 in which the piezo-
electric element 22 of the present invention is adhered to an
elastic metal ring 21 with an organic adhesive 23 (such as
epoxy or cyanoacrylate adhesive), a rotor 25 contacting with
a sliding surface of the vibrator 24 by being pressed by a
pressure spring (not shown), and an output shaft that is inte-
grally provided to the rotor 25.

The application of two alternating voltages (different from
each other in phase by 7/2) from a power source to the
piezoelectric element of the present invention results in the
generation of a bending travelling wave in the vibrator 24, and
hence each point on the sliding surface of the vibrator 24
undergoes an elliptical motion. When the rotor 25 is brought
into press contact with the sliding surface of the vibrator 24,
the rotor 25 receives a frictional force from the vibrator 24 to
rotate in the direction of the elliptical motion on the sliding
surface of the vibrator. A body to be driven (not shown) is
joined to the output shaft by, for example, a coupling and is
driven by receiving the rotary force of the rotor 25. This type
of motor utilizes the principle as follows. When a voltage is
applied to the piezoelectric ceramics, the piezoelectric ele-
ment is expanded and contracted by the piezoelectric lateral
effect. Therefore, when the piezoelectric element is adhered
to an elastic body of a metal or the like, the elastic body is
warped.

In addition, with reference to FIG. 3B, an ultrasonic motor
is exemplified in which the piezoelectric element has a lami-
nate structure. In FIG. 3B, the ultrasonic motor includes a
vibrator 61 made of a metallic material. Multiple piezoelec-
tric elements 63 of the present invention are disposed between
cylindrical metal blocks, and the metal blocks are fastened
with bolts. Thus, the multiple piezoelectric elements 63 are
sandwiched and fixed to constitute the vibrator. When AC
voltages having different phases are applied to the piezoelec-
tric body for driving the piezoelectric elements, two orthogo-
nal vibrations are excited and combined to form a circular
vibration for driving at the tip portion of the vibrator. Note
that, a constricted circumferential groove is formed at the
upper portion of the vibrator 61 so as to increase the displace-
ment vibration for driving.

A rotor 62 is pressed by a pressing spring S to be brought
into contact with the vibrator 61, and thus is obtained a
frictional force for driving. As described above, the piezo-
electric element of the present invention is suitably applicable
to a liquid discharge head and an ultrasonic motor. As to the
liquid discharge head, it is possible to provide a head having
the nozzle density and the discharging force that are the same
as or larger than those of the conventional head using a piezo-
electric element containing lead. In addition, as to the ultra-
sonic motor, by using the lead-free piezoelectric element
containing bismuth iron oxide as the main component, it is
possible to provide a motor having the driving force and
durability that are the same as or larger than those of the
conventional motor using a piezoelectric element containing
lead. The liquid discharge head and the ultrasonic motor have
an advantage in that a load on environment is small, because
they do not contain lead.
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The piezoelectric ceramics of the present invention can be
used for a liquid discharge head, a motor, and other devices
such as an ultrasonic vibrator, a piezoelectric actuator, and a
piezoelectric sensor.

EXAMPLES

Hereinafter, the present invention is described in more
detail with reference to Examples. However, the present
invention is not limited to the following Examples.

Example 1

Example of Manufacturing Bismuth Iron Oxide
Powder

Commercial iron nitrate (III) 9-hydrate (Fe (NO;);.9H,0)
and bismuth nitrate (III) 5-hydrate (Bi(NO,),.5H,0) were
weighed at a ratio of 1:1 as the molar ratio and were mixed
after adding deionized water. In this occasion, the bismuth
nitrate (III) 5-hydrate may not be completely dissolved in
water. In that case, an appropriate amount of concentrated
nitric acid was added and stirred at a liquid temperature of 25
degrees centigrade so that the bismuth nitrate (II1) 5-hydrate
was dissolved completely. Thus, the bismuth iron solution
was obtained. In view of the manufacturing amount and
workability, the amounts of individual raw material com-
pounds of bismuth and iron, as well as the amounts of con-
centrated nitric acid and deionized water were determined as
required so that the bismuth iron oxide powder was manufac-
tured. An example of a combination ratio thereof is as fol-
lows. The amounts of individual raw material compounds of
bismuth and iron, and the amounts of concentrated nitric acid
and deionized water were adjusted so that the concentrations
of’bismuth and iron in the solution become 15 to 20 percent by
weight of the total solution in a conversion into BiFeO;, and
that the nitric acid concentration becomes a value which can
completely dissolve the bismuth nitrate (III) 5-hydrate. A
more specific example of the combination ratio was as fol-
lows in weight ratio.

iron nitrate (III) 9-hydrate 1.0
bismuth nitrate (IIT) 5-hydrate 1.2
nitric acid (60% nitric acid) 0.38
deionized water (ion-exchanged water) 1.5

On the other hand, a solution in which commercial ammo-
nia (NH;) solution, sodium hydrogen carbonate (NaHCO,),
and deionized water (H,O) were mixed was produced as
mother liquid for precipitation. The combination ratio of
ammonia to sodium hydrogen carbonate was approximately
one or smaller as the molar ratio, and the amount of the added
deionized water was set to be a little larger than the minimum
amount such that ammonium hydrogen carbonate was dis-
solved. As the total amount of the mother liquid for precipi-
tation, a few times the amount of bismuth iron solution in
weight ratio was produced. As an example of a specific
amount of the mother liquid for precipitation, 8 to 10 times
the amount of bismuth iron solution in weight ratio was
produced. A more specific combination ratio was as follows
in weight ratio.
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ammonium hydrogen carbonate 1.2
28% ammonia water 0.90
deionized water (ion-exchanged water) 29 to 37

At room temperature, the bismuth iron solution was
dropped into the mother liquid for precipitation, and the bis-
muth iron solution and the mother liquid for precipitation
were stirred. Then, solid nanograins were generated in the
liquid. Under a state in which the generated solid nanograins
were dispersed in the liquid, a nonionic polymer flocculant
(SANFLOC N-520P manufactured by Sanyo Chemical
Industries, Ltd.) was added as a precipitant to the liquid, and
thus the generated solid nanograins were precipitated. The
adding amount of the nonionic polymer flocculant is only
required to be approximately one tenth to one thousandth the
amount of bismuth iron solution in weight ratio. As an
example, the amount was one hundredth. After that, the pre-
cipitated solid body was filtered and collected by quantitative
filter paper.

The obtained solid body was calcined in a box type electric
furnace at a temperature of 550 degrees centigrade for one
hour. As a result, a brown or ocher nanograin powder was
obtained. The average grain diameter of the powder was 200
nm. A part of the x-ray diffraction pattern obtained by x-ray
diffraction measurement of the powder is illustrated in FIG. 4.
The obtained x-ray diffraction pattern can be well explained
by assuming the main component of the powder to have the
same crystal structure as BiFeO;. Therefore, it was found that
the powder was a substance having the rhombohedral perovs-
kite-type structure. In addition, it was confirmed that the
powder contained a second and a third phases other than the
main component. The second phase could be well explained
by the same crystal structure as Bi,Fe,O,. Therefore, it was
found that the grains have a crystal structure classified to the
space group Pbam. The third phase could be well explained
by the same crystal structure as Bi,;FeO;,. Therefore, it was
found that the grains have a crystal structure classified to the
space group 123. The volume ratios of the individual sub-
stances calculated by the result of the x-ray diffraction mea-
surement were as follows. The second phase was 12% of the
whole, the third phase was 3% of the whole, and the rest was
a substance having a perovskite-type structure of the main
component and was 85% of the whole.

An observation photograph of the bismuth iron oxide pow-
der taken by a transmission electron microscope (TEM) is
shown in FIG. 5. According to this photograph, it was found
that this powder was constituted of three different shapes of
grains. Electron beam diffraction was measured of the grains
having a relatively isotropic shape similar to a spherical shape
and a smooth surface, which are represented by grains (A)
indicated by an arrow in the photograph. The figure of the
grains (A) could be explained by assuming the same crystal
structure as BiFeO;. Therefore, it was found that the grains
(A) were constituted of crystals having the rhombohedral
perovskite-type structure.

Electron beam diffraction was measured of the grains hav-
ing a relatively isotropic shape similar to a spherical shape
and an uneven surface structure, which are represented by
grains (B) indicated by an arrow in the photograph. The figure
of the grain (B) could be explained by assuming the same
crystal structure as Bi,Fe,O,. Therefore, it was found that the
grains (B) were constituted of crystals having a crystal struc-
ture classified to the space group Pbam.

Electron beam diffraction was measured of the grains hav-
ing a needle-like shape, which are represented by grains (C)
indicated by an arrow in the photograph. The figure of the
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grains (C) could be explained by assuming the same crystal
structure as Bi,sFeO;, or y-Bi,0;. Therefore, it was found
that the grains (C) were constituted of crystals having a crys-
tal structure classified to the space group 123. Fe was not
detected from an EDX measurement result of the grains (C).
The reason is considered to be that the content ratio of Fe is
too small to be detected by EDX, or that Fe is not contained
essentially.

Comparative Example 1

Example of Manufacturing Bismuth Iron Oxide
Powder

A precipitate of bismuth iron composite oxide compound
nanograins was produced and collected using commercial
iron chloride (FeCl;) and bismuth chloride (BiCly) in the
same method.

The obtained precipitate and a powder obtained by sinter-
ing the precipitate in a box type electric furnace at a tempera-
ture of 800 degrees centigrade were analyzed by x-ray dif-
fraction, and it was found that the powder was constituted of
crystals having a different crystal structure from each the
above-mentioned grains (A), (B), and (C). In addition, it was
found that each of a bismuth iron oxide powder produced
using commercial iron acetate and bismuth acetate and a
bismuth iron oxide powder produced using commercial iron
sulfate and bismuth sulfate was powder constituted of crystals
having a different crystal structure from each of the above-
mentioned grains (A), (B), and (C).

Example 2

Example of Manufacturing Dielectric Ceramics
Constituted of Bismuth Iron Oxide

A dielectric ceramics constituted of bismuth iron oxide
was manufactured using the bismuth iron oxide powder
obtained in Example 1 by the following method.

Ethanol solution containing 3 percent by weight of poly-
vinyl butyral (PVB) was added to the powder of Example 1,
and they were mixed well and dried. The solid body after
being dried was crushed to be powder, and the powder was
filled in a pelletizing machine and pressed by a hydraulic
press machine so that pellets of the powder of Example 1 were
obtained. The pellets were sintered in a box type electric
furnace at a temperature of 800 degrees centigrade for 2
hours, and a dielectric ceramics disc constituted of bismuth
iron oxide was obtained.

The top surface and the bottom surface of the obtained
dielectric ceramics disc were ground and polished, and thin
film of titanium having a thickness of 5 nm was formed on
each polished surface by RF magnetron sputtering method,
on which thin film of gold having a thickness of 300 nm was
formed to make opposed electrodes. Using a dicing saw,
cutting process was performed in the direction orthogonal to
the opposed electrodes, so as to obtain a dielectric element
including electrodes on the two opposite surfaces. The values
of an electric resistance, a relative dielectric constant, and a
dielectric loss (tan d) of the element of Example 2 in that case
when 10V was applied are shown in Table 1.

Comparative Example 2

Example of Manufacturing Dielectric Ceramics
Constituted of Bismuth Iron Oxide

As a comparison with the dielectric ceramics of Example 2
constituted of bismuth iron oxide, a dielectric ceramics con-
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stituted of bismuth iron oxide using commercial Bi,O;
reagent powder (having an average grain diameter of 20
micrometers) and Fe,O; reagent powder (having an average
grain diameter of 500 nanometers) as raw materials was pro-
duced. Bi,0; and Fe,O; of a molar ratio of 1:1 were crushed
and mixed in an agate mortar, and the mixed powder was
preliminarily calcined in a box type electric furnace at a
temperature of 800 degrees centigrade for 15 minutes, and the
preliminarily calcined material was crushed and mixed in an
agate mortar, and then a preliminarily calcined powder was
obtained.

Ethanol solution containing 3 percent by weight of PVB
was added to the preliminarily calcined powder, and they
were mixed well and dried. After that, the same process as in
Example 2 was performed so that a dielectric ceramics disc
constituted of bismuth iron oxide was obtained. In addition,
the same process as in Example 2 was performed so that a
dielectric element including electrodes on the two opposite
surfaces was obtained. The values of an electric resistance in
that case when 10V was applied, a relative dielectric constant,
and tan d of the element of Comparative Example 2 are shown
in Table 1.

The measurement of the electric resistance was performed
using a semiconductor parameter analyzer (manufactured by
Agilent Technologies, Inc.). The measurement of the relative
dielectric constant and the measurement of the tan & were
performed using an impedance analyzer (manufactured by
Agilent Technologies, Inc.).

TABLE 1
Electric Relative Dielectric
resistance Constant tand
Example 2 120 GQcm 160 0.025
Comparative 220 kQem 3,100 0.71
Example 2

As shown in Table 1, in the dielectric element of Example
2, it was confirmed that the resistance value was improved by
six digits compared with the element of Comparative
Example 2. This indicates that the leakage current value is
reduced by six orders of magnitude. The value of the relative
dielectric constant in Comparative Example 2 indicates a
large value because the capacitance value was over estimated
due to the large leakage current in the capacitance evaluation
by the impedance analyzer. Therefore, this large value of the
dielectric constant does not mean that the dielectric charac-
teristics have been improved.

In order to check a mechanism of the leakage current
reduction effect, cross sectional TEM observation of each
element was performed. The element of Example 2 and the
dielectric element of Comparative Example 2 were cut in the
direction perpendicular to the electrode, and the cut sections
were observed by TEM. Results of the cross section observa-
tion photographs are shown in FIGS. 6 and 7.

It was found from electron beam diffraction that grains as
amain constituent of the dielectric ceramics in Example 2 are
constituted of rhombohedral crystals having the perovskite-
type crystal structure (indicated by D in FIG. 6). The grains
are identified to be BiFeOj. In addition, it was observed from
FIG. 6 that rectangular grains were uniformly deposited at the
grain boundary of the BiFeOj crystal grains (as indicated by
E in FIG. 6). It was found from the electron beam diffraction
measurement that the grains are grains having a crystal struc-
ture classified to the space group Pbam. This grain was iden-
tified to be Bi,Fe,0,. Bi,Fe O, is a good insulator. When
Bi,Fe,O, is distributed along the grain boundary of BiFeO,



US 8,704,429 B2

15

crystal grains, it is considered to cut off leakage current along
the grain boundary as the conduction path so that leakage
current in the dielectric ceramics can be suppressed. Further,
bismuth in the BiFeO; crystal grains which is evaporated and
becomes deficient by heat in the sintering process is compen-
sated by bismuth existing a lot in the grains (C). Thus, it is
considered that the bismuth deficiency in the BiFeO, crystal
was prevented, and the current flowing in the BiFeO; crystal
could be suppressed.

Similarly, it was found that grains as a main constituent of
the dielectric ceramics in Comparative Example 2 was con-
stituted of rhombohedral crystals having the perovskite-type
crystal structure (indicated by D in FIG. 7), which was iden-
tified to be BiFeO,. However, unlike the dielectric ceramics
in Example 2, grains having a crystal structure that is classi-
fied to a space group Pbam (indicated by E in FIG. 7) scarcely
exist at the grain boundary of the BiFeO, crystal grains.
Therefore, it is considered that the leakage current along the
grain boundary as the conduction path could not be cut off,
and thus a value of a low electric resistance, namely a large
leakage current value was observed.

(Evaluation of Optical Property)

Optical absorbance was measured of the bismuth iron
oxide powder produced in Example 1 and each of the bismuth
iron oxide powders obtained by the process of Example 1 at
the calcination temperatures of 500 degrees centigrade, 600
degrees centigrade, and 650 degrees centigrade. The mea-
surement was performed on a sample of the powder placed in
the Integrating sphere by a diffuse reflection method using an
ultraviolet-visible (UV-Vis) spectrometer in the wavelength
range of 350 nanometers to 800 nanometers. In the measure-
ment, a diffuse reflection spectrum was measured of barium
sulfate as a standard sample, and a relative reflectance of each
substance was determined. The obtained relative reflectance
was converted into an absorbance. Because the absorbance is
proportional to an optical absorbance coefficient (o), the Tauc
plot was used to determine an optical band-gap energy. The
Tauc plot is obtained by plotting the hv-dependency of «
according to the following expression, with hv as photon
energy corresponding to each wavelength.

hv=k(hva)”

where k is a coefficient, and n is an index that mainly takes
2 or % depending on a band structure of a substance. In
general, n=Y% is used for an amorphous substance or a nano-
particle, and hence our evaluation by the Tauc plot also
employed n="2. In the plot, a segment that exhibits the largest
change in (hva)'? in the ordinate was approximated by a
straight line, and a value of the hv-intercept in the abscissa
obtained by extrapolating the straight line to (hvc)?=0 was
determined as the optical band-gap energy. FIG. 8 illustrates
the Tauc plot of the above-mentioned bismuth iron oxide
powders. It was found that each of the optical band-gap ener-
gies of the bismuth iron oxide thin films obtained by the
calcination temperatures of 500 degrees centigrade, 550
degrees centigrade, 600 degrees centigrade, and 650 degrees
centigrade was between 1.7 eV and 2.0 eV.

Comparative Example 3

Diffuse reflection spectrum measurement was performed
on the bismuth iron oxide powder which was obtained at the
calcination temperature of 700 degrees centigrade in the pro-
cess of Example 1, a bismuth iron oxide powder which was
obtained by the process of Example 1 excluding the calcining
process, and the preliminarily calcined powder which was
obtained in Comparative Example 2 before sintering the
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ceramics. Results of the measurement are illustrated in FIG. 8
as the Tauc plot. The preliminarily calcined powder of Com-
parative Example 2 was evaluated to have an optical band-gap
energy of approximately 1.6 eV. Similarly, the bismuth iron
oxide powder obtained at the calcination temperature of 700
degrees centigrade had also an optical band-gap energy of
approximately 1.6 eV. The reason is considered that the crys-
tal grains were enlarged because the calcination temperature
was too high. The bismuth iron oxide powder obtained by
excluding the calcining process of Example 1 was evaluated
to have an optical band-gap energy of approximately 1.3 eV.
This powder is known to be amorphous by the x-ray diffrac-
tion measurement, and hence such low optical band-gap
energy is considered to result from non-crystallization.

Example 3
Evaluation of Piezoelectric Property

Polarization process of the dielectric element including
electrodes on the two opposite surfaces of a rectangular used
in Example 2 was performed in silicone oil. The oil tempera-
ture was 120 degrees centigrade, polarization electric field
was DC 60 kV/cm, and electric field application time period
was 60 minutes. This dielectric element had good electric
field strength because of the low leakage current value, and
hence the polarization process could be performed suffi-
ciently. On the other hand, when the same polarization pro-
cess was performed on the dielectric element used in Com-
parative Example 2, current exceeding an allowable current
value flowed soon after the application of electric field.
Therefore, the polarization process could not be completed.

The dielectric element of Example 2 on which the polar-
ization process had been performed was evaluated using d,;
piezoelectric constant measuring apparatus (Piezo Meter
System manufactured by Piezotest Pte. L.td.). The obtained
piezoelectric constant was good.

Example 4

Trial Manufacture of Liquid Discharge Head and
Ultrasonic Motor

The liquid discharge head and the ultrasonic motor illus-
trated in FIGS. 2A to 3B are manufactured as trial using the
dielectric ceramics illustrated in Example 2. As to the liquid
discharge head, it was confirmed that ink was discharged in
response to an input electric signal. As to the ultrasonic motor,
it was confirmed that the motor rotated in response to appli-
cation of an alternating voltage. The bismuth iron oxide pow-
der of the present invention can be used for manufacturing a
dielectric ceramics having a small load on environment and
good dielectric characteristics and piezoelectric characteris-
tics.

The dielectric ceramics of the present invention have a
small load on environment and good dielectric characteris-
tics, and hence it is possible to be used for equipment such as
a piezoelectric element, a liquid discharge head, or an ultra-
sonic motor, without any problem.

While the present invention has been described with refer-
ence to exemplary embodiments, it is to be understood that
the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.
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What is claimed is:

1. A bismuth iron oxide powder comprising:

(A) grains including a bismuth iron oxide having a perovs-
kite-type crystal structure;

(B) grains including a bismuth iron oxide having a crystal
structure classified to a space group Pbam represented
by a Short Hermann-Mauguin symbol; and

(C) grains including a bismuth iron oxide or a bismuth
oxide having a crystal structure that is classified to a
space group 123 represented by a Short Hermann-Mau-
guin symbol,

wherein content of the grains (A) is 51% or larger and
99.9% or smaller of a total of the bismuth iron oxide
powder at a quantitative ratio determined by x-ray dif-
fraction, and

wherein a sum of content ratios of the grains (B) and the
grains (C) is 0.1% or larger and 49% or smaller of the
total of the bismuth iron oxide powder at a quantitative
ratio determined by x-ray diffraction.

2. The bismuth iron oxide powder according to claim 1,
wherein the bismuth iron oxide powder has an optical band-
gap energy of 1.7 electron volts or higher and lower than 2.0
electron volts.

3. A dielectric ceramics comprising a dielectric ceramic
material,

wherein the dielectric ceramic material comprises bismuth
iron oxide crystal grains (B) having a crystal structure
classified to a space group Pbam represented by a Short
Hermann-Mauguin symbol and bismuth iron oxide
crystal grains (A) having a perovskite-type crystal struc-
ture, which are made of bismuth iron oxide,

wherein the bismuth iron oxide crystal grains (B) having
the crystal structure classified to the space group Pbam
represented by the Short Hermann-Mauguin symbol are
distributed at a grain boundary of crystal grains of the
bismuth iron oxide crystal grains (A) having the perovs-
kite-type crystal structure,
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wherein the bismuth iron oxide crystal grains (A) having
the perovskite-type crystal structure comprise BiFeO,,

wherein the bismuth iron oxide crystal grains (B) having
the crystal structure classified to the space group Pbam
represented by the Short Hermann-Mauguin symbol
comprise Bi,Fe, Oy,

wherein the grain boundary is present between BiFeOs;,
and

wherein Bi,Fe,O, is distributed along the grain boundary.

4. A piezoelectric element comprising at least a pair of
electrodes, and the dielectric ceramics according to claim 3.

5. A liquid discharge head comprising the piezoelectric
element according to claim 4.

6. An ultrasonic motor comprising the piezoelectric ele-
ment according to claim 4.

7. The dielectric ceramics according to claim 3, wherein
the dielectric ceramic material is obtained by a method com-
prising calcining a bismuth iron oxide powder, wherein the
bismuth iron oxide powder comprises:

(A) grains including a bismuth iron oxide having a perovs-

kite-type crystal structure;

(B) grains including a bismuth iron oxide having a crystal
structure classified to a space group Pbam represented
by a Short Hermann-Mauguin symbol; and

(C) grains including a bismuth iron oxide or a bismuth
oxide having a crystal structure that is classified to a
space group 123 represented by a Short Hermann-Mau-
guin symbol,

wherein content of the grains (A) is 51% or larger and
99.9% or smaller of a total of the bismuth iron oxide
powder at a quantitative ratio determined by x-ray dif-
fraction, and

wherein a sum of content ratios of the grains (B) and the
grains (C) is 0.1% or larger and 49% or smaller of the
total of the bismuth iron oxide powder at a quantitative
ratio determined by x-ray diffraction.
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